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Abstract 
Mixed metal oxides pigments of TiO2.ZnO, 2TiO2.ZnO, Zn2TiO4, MgTiO3, CaTiO3, TiO2.ZnO.MgO, 
and TiO2.ZnO.SrO were synthesized from corresponding oxides or carbonates at high temperature. The 
obtained metal mixed oxides were characterized by means of X-fray diffraction analysis, measurement of 
particle sizes and scanning electron microscopy. The synthesized metal mixed oxides were used to 
produce epoxy-ester coatings with PVC = 10 % for a synthesized pigment. The coatings were tested for 
physical-mechanical properties and in corrosion atmospheres. The results of corrosion tests were 
compared with standard alumino zinc phosphomolybdate. 
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1. Introduction 
The group of corrosion-inhibiting pigments includes the pigments that actively participate, in several 
ways, in extending the life of coating films [1,2]. The anticorrosion pigments working on a chemical 
principle are soluble to a certain extent and their ions are thus capable of interacting, at the interface of 
their particles, with the surface of a metal base, or with the functional groups of a binder during the drying 
of coating films. Simultaneously, there can occur oxidation-reduction processes that are connected with 
the creation of new compounds with inhibitive effects [3]. The primary particles of barrier pigments have 
a nonisometric particle structure and assume a position that is parallel to the base during the drying of the 
coating film. This orientation contributes to the improvement of the film’s mechanical properties, inhibits 
the direct permeation of humidity, oxygen and corrosive ions, and protects the binder from degradation by 
UV radiation [4]. 
Available online at www.sciencedirect.com
© 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of the Organisation of the 10th International Conference on Solid State Chemistry.
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
214   M. Kantorová and D. Vesely /  Physics Procedia  44 ( 2013 )  213 – 223 
2. Experimental 
2.1. Preparation of the pigments of spinel type X2TiO4 and of perovskite type YTiO3  
Compounds based on mixed metal oxides with the content of tetravalent titanium and modifying 
bivalent elements (TiIVO2.MIIO) were selected to synthesize anticorrosion pigments.  
The main objective was to synthesized an oxide with the spinel lattice structure of X2TiO4 where X=Zn, 
Mg, Ca and Sr and an oxide with the perovskite structure of YTiO3, where Y=Ca. 
The choice of these oxides stemmed from their properties, mainly their stability of physical and chemical 
properties, coverage power, insolubility and thermal stability [5]. The purposeful choice of solid solution 
forming cations can modify the original properties, especially those of the spinel lattice, and to modify or 
create new properties, especially those that affect the corrosion-inhibitive behavior of the pigment in 
a paint binder [6]. 
2.2. Determining the properties of pigments in a pulverized state  
The quality of pigments depends on their physical-optical properties (covering power, colority), 
chemical properties (the content of impurities, reactivity) and technological properties during applications 
in paint binders (ability to disperse, texture). In case of corrosion–inhibitive anticorrosion pigments there 
are even more properties that are connected with their anticorrosion efficiency [7, 8]. 
2.3. Determination of the corrosion-inhibitive efficiency of the synthesized pigments in organic coatings  
The properties of the anticorrosion pigments affect the efficiency of the coating film while protecting 
a metal base. Given the mechanism and chemism of their action, the pigments induce the creation of 
protective, passivating layers on a metal base and affect the pH values during corrosion anodic and 
cathodic reactions. By liberating cations from their lattice, the ion-active pigments neutralize or cause 
the ion exchange of the H+, Cl-, and SO42- ions permeating from the outside corrosion environment. 
The individual factors in the outside environment that cause corrosion are simulated with the aid of 
laboratory tests in the mist of NaCl, SO2 and condensed H2O [9]. 
2.4. Formulation of model paints with the tested anticorrosion pigments 
In order to identify potential anticorrosion efficiency the synthesized pigments were applied into 
the solution of epoxy-ester resin. The same method was employed to test a comparison, anticorrosion, 
industrially manufactured pigment, specifically alumino zinc hydrated phosphomolybdate modified with 
an organic corrosion inhibitor. This pigment is effective in the first phases of exposure to a corrosive 
environment as well as in prolonged exposure. If synthesized spinel or perovskite pigments approximate 
their efficiency, they will rank among truly anticorrosion efficient inhibitors. The volume concentration of 
the tested pigments (PVC) in a model paint was identical for all the pigments and was equal to 10 vol.%. 
using an anticorrosion binder, the volume concentration of the paint was added to constant value Q = 
PVC/CPVC = 0.30. 
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2.4.1. Completed laboratory corrosion tests  
The paints prepared on testing steel panels were subjected to common corrosion tests: 
 Corrosion tests with general water condensation (CSN 03 8131)  
 Cyclic corrosion test in the presence of condensed H2O and SO2 (CSN ISO 6988) 
 Cyclic corrosion test with the NaCl mist and humidity condensation (CSN ISO 9227) 
The evaluation of corrosion processes following exposure to corrosion tests was carried out according to 
standardized methods. The results of accelerated corrosion tests were processed according to standards 
ASTM D 714-87, ASTM D 610, ASTM D 1654-92. The corrosion processes were assigned numerical 
values according to a scale (100-0) [10]. By connecting the evaluated processes of corrosive attack and 
by calculating the arithmetic mean (basing our calculations on the degree of base corrosion, the degree of 
paint blistering, and the degree of the corrosion of the metal base in a cut), we can obtain the only value 
of protective efficiency so called total anticorrosion efficiency. A pigment with the high value of total 
anticorrosion efficiency substantially contributes to the high efficiency of the protection of the paint it 
pigments.  
2.4.2. The effects of the synthesized pigments on the physical–mechanical properties of organic coatings  
Through their properties, the pigments affect not only the anticorrosion properties of paints but also the 
physical-mechanical properties of coating films. Thanks to the optimal size of their particles, or thanks to 
the favorable distribution and shape of their particles, the pigments can enhance the properties of the 
binder in a certain paint. In general, the excellent physical properties of the paints are a primary 
precondition for the proper anticorrosion protection of a certain paint system. The tests of physical-
mechanical properties form an important part of the complex evaluation of paints, because they provide, 
amongst others, information about the possible cause of a paint failure. The following tests were carried 
out to identify the mechanical properties of the paints: 
 Determination of paint resistance against impact (CSN ISO 6272) 
 Determination of paint resistance against cupping in Erichsen apparatus (CSN ISO 1520) 
 Determination of paint resistance during bending (CSN ISO 1519) 
The calculation of the total physical-mechanical resistance of the paints was mathematically expressed 
as the arithmetic mean of the identified results [11]. 
3. Results and discussion 
3.1. Evaluation of the physical-chemical properties of the synthesized pigments 
The pigments display the final color perception in the shades of white (white, grayish, and cream 
shades); the perception of CaTiO3 is that of a pinkish shade. In general, the shapes of their particles are 
isometric, the distribution of the particles is rather narrow, and is not prone to the vigorous formation of 
secondary blocks, which is the case with the TiO2 pigment. The following Tables I-VII and Figures 1-7 
feature the physical-chemical properties of the pigments (oil consumption, pH values of aqueous extracts 
after 48 hours of extraction, conductivity of aqueous extracts after 48 hours of extraction), X-ray analysis 
results, and the SEM images of the particles.  
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Table I Identification of detected phases and their lattice parameters for the TiO2ZnO pigment 
Phase  Lattice  a b c    
Zn2TiO4 Cubic  8.4602 8.4602 8.4602 90° 90° 90° 
TiO2 Tetragonal  4.5933 4.5933 2.9592 90° 90° 90° 
 
 
A 
 
B 
Fig. 1 TiO2.ZnO pigment particles in a pulverized state (A) magnification 3.000 x, (B) magnification 5.000 x. 
Table II Identification of detected phases and their lattice parameters for the 2TiO2ZnO pigments 
Phase  Lattice  a b c    
Zn2TiO4 Cubic  8.4602 8.4602 8.4602 90° 90° 90° 
TiO2 Tetragonal  4.5933 4.5933 2.9592 90° 90° 90° 
 
 
A 
 
B 
Fig.2 TiO2.ZnO pigment particles in a pulverized state (A) magnification 3.000 x, (B) magnification 5.000 x. 
Table III Identification of detected phases and their lattice parameters for the TiO2 2ZnO pigment 
Phase  Lattice  a b c    
Zn2TiO4 Cubic  8.4602 8.4602 8.4602 90° 90° 90° 
 
 
A 
 
B 
Fig.3 TiO2.2ZnO pigment particles in a pulverized state (A) magnification 3.000 x, (B) magnification 5.000 x. 
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Table IV Identification of detected phases and their lattice parameters for the TiO2 MgO pigment 
Phase  Lattice  a b c    
MgTiO3 Hexagonal  5.0548 5.0548 13.898 90o 90o 120o 
 
 
A 
 
B 
Fig.4 TiO2.MgO pigment particles in a pulverized state (A) magnification 3.000 x, (B) magnification 5.000 x. 
Table V Identification of detected phases and their lattice parameters for the TiO2 CaO pigment 
Phase  Lattice  a b c    
CaTiO3 Orthorhombic 5.4424 7.6417 5.3807 90° 90° 90° 
 
 
A 
 
B 
Fig.5 TiO2.CaO pigment particles in a pulverized state (A) magnification 3.000 x, (B) magnification 5.000 x. 
Table VI Identification of detected phases and their lattice parameters for the TiO2 ZnO MgO pigment 
Phase  Lattice  a b c    
Zn2TiO4 Cubic  8.4602 8.4602 8.4602 90° 90° 90° 
Mg2TiO4 Cubic  8.4602 8.4602 8.4602 90° 90° 90° 
 
 
A 
 
B 
Fig.6 TiO2 ZnO MgO pigment particles in a pulverized (A) magnification 3.000 x, (B) magnification 5.000 x. 
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Table VII Identification of detected phases and their lattice parameters for the TiO2 SrO ZnO pigment 
 
Phase  Lattice  a b c    
SrTiO3 Cubic  3.905 3.905 3.905 90° 90° 90° 
Zn2TiO4 Cubic  8.4602 8.4602 8.4602 90° 90° 90° 
ZnO Hexagonal  3.2498 3.2498 5.2066 90° 90° 120° 
 
 
A 
 
B 
Fig 7 The SEM micro photograph of the TiO2 SrO ZnO pigment particles in a pulverized (A) magnification 3.000 x, (B) 
magnification 5.000 x 
3.2. Evaluation of pigments according to the physical tests of paints  
During the deformation of paints by impact the best results were achieved with epoxy paints pigmented 
with 2TiO2.ZnO. When testing the resistance of paints during cupping in Erichsen apparatus the best 
results were shown by the paints pigmented with Zn2TiO4 and by the paints containing a comparison 
pigment. The results of these tests are shown in Table VIII. 
The results of the overall evaluation of the physical-mechanical resistance of epoxy paints are shown 
in Figure 8 and quantify, through one numerical value, all three tests completed. With pigmented epoxy 
films the highest values of the overall physical-mechanical properties were displayed by the paints 
pigmented with 2TiO2.ZnO and TiO2.ZnO.  
Table VIII Results of tests during bending, deformation by impact and resistance against cupping (DFT=80 m) 
Pigment type  Bending [mm] Impact on reverse [cm] Cupping [mm] [mm] [dg.] [cm] [dg.] [mm] [dg.] 
TiO2.ZnO < 4 100 12 18 8.9 95 
2TiO2.ZnO < 4 100 14 21 8.5 93 
Zn2TiO4 5 95 6 9 9.1 95 
MgTiO3 8 75 8 12 6.3 75 
CaTiO3 < 4 100 8 12 7.4 85 
TiO2.ZnO.MgO < 4 100 7 10 7.8 90 
TiO2.ZnO.SrO < 4 100 4 6 8.5 93 
Comparison pigment 
Zn-Al phosphomolybdate  < 4 100 6 9 10 100 
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Fig.8 Overall evaluation of the physical-mechanical properties of epoxy films (DFT= 80 m) 
3.3. Evaluation of pigments based on the corrosion test of the paints  
3.4. Corrosion tests in a condenser chamber with general water condensation  
The best resistance against the creation of osmotic blisters was exhibited by the epoxy paints 
pigmented with TiO2.ZnO, 2TiO2.ZnO, CaTiO3, and MgO.TiO2.ZnO. The best results in protection 
against corrosion in a cut, was displayed by the pigment CaTiO3. The best overall anticorrosion efficiency 
was achieved by the epoxy paint pigmented with CaTiO3. The results of the corrosion tests performed on 
the individual paints in the condenser chamber with general condensation are summarized in Table IX. 
3.5. Corrosion tests in a condenser chamber in the SO2 atmosphere 
The best overall anticorrosion efficiency was achieved by the epoxy paints pigmented with TiO2.ZnO 
and Zn2TiO4. The results of the corrosion test from the condenser chamber in the SO2 atmosphere 
following 1100 hours’ exposure are given in Table X. 
3.5.1. Evaluation of a cyclic corrosion test with salt mist  
 
The best resistance against the creation of osmotic blisters was exhibited by the epoxy paint pigmented 
with TiO2.CaO. The best protection against corrosion in a cut was provided by the paints pigmented with 
TiO2.ZnO a CaTiO3 and Zn2TiO4. The best overall anticorrosion efficiency was shown by the epoxy paint 
pigmented with CaTiO3 and TiO2.ZnO. The results of the corrosion tests performed on the individual 
paints in the chamber with salt mist and the cyclic condensation of humidity are summarized in Table XI. 
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3.5.2. Comprehensive evaluation of the corrosion tests results  
The comprehensive evaluation of the corrosion tests results employed the arithmetic means of 
the overall anticorrosion efficiency results from the condenser chamber with general water condensation, 
the results from the condenser chamber with the SO2 atmosphere and the results from the combined 
chamber with salt mist. It was identified that the epoxy coatings pigmented with mixed oxides with 
the Ti4+ content exhibited, in most cases, higher anticorrosion efficiency than the epoxy coatings 
pigmented with the comparison pigment Zn-Al phosphomolybdate. The results of the comprehensive 
evaluation applicable to the individual paints are shown in Figure 11. The samples of the testing steel 
panels following the anticorrosion tests with the paints pigmented with the testing pigments are introduced 
in Figure 9 and 10. 
 
Table IX Results of an accelerated corrosion test in the condenser chamber with general water condensation after 1200 hours of 
exposure (DFT= 90 m) 
Pigment type 
Blistering  Base corrosion  Corrosion in cut  Overall 
efficiency  
[-] 
ASTM 
[dg.] 
Number of 
points  
ASTM 
[%] 
Number of 
points  
ASTM 
[mm] 
Number of 
points  
Synthesized pigments 
TiO2.ZnO - 100 0.03 100 0.5-1.0 80 93 
2TiO2.ZnO - 100 0.01 100 0.5-1.0 80 93 
Zn2TiO4 8F 75 0.01 100 1.0-2.0 70 82 
MgTiO3 8F 75 0.01 100 0.5-1.0 80 85 
CaTiO3 - 100 0.01 100 0-0.5 90 97 
TiO2.ZnO.MgO - 100 0.01 100 0.5-1.0 80 93 
TiO2.ZnO.SrO 8F 75 0.01 100 0.5-1.0 80 85 
Comparison pigment 
Zn-Al 
phosphomolybdate  8F 75 0.1 95 0-0.5 90 87 
Table X Results of a cyclic corrosion test in a condenser chamber in the SO2 atmosphere after 1100 hours’ exposure (DFT= 90 m) 
Pigment type 
Blistering  Base corrosion  Corrosion in cut  Overall 
efficiency  
[-] 
ASTM 
[dg.] 
Number of 
points  
ASTM 
[%] 
Number of 
points  
ASTM 
[mm] 
Number of 
points  
Synthesized pigments 
TiO2.ZnO 8M 55 0.01 100 1.0-2.0 70 75 
2TiO2.ZnO 6M 50 0.03 100 2.0-3.0 60 70 
Zn2TiO4 8M 55 0.03 100 1.0-2.0 70 75 
MgTiO3 6M 50 0.03 100 1.0-2.0 70 73 
CaTiO3 6MD 30 0.03 100 3.0-5.0 50 60 
TiO2.ZnO.MgO 8M 55 0.3 90 1.0-2.0 70 72 
TiO2.ZnO.SrO 8M 55 0.1 95 1.0-2.0 70 73 
Comparison pigment 
Zn-Al 
phosphomolybdate 8M 55 0.01 100 1.0-2.0 70 75 
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Table XI Results of a cyclic corrosion test in the chamber with salt mist after 1100 hours’ exposure (DFT= 90 m) 
Pigment type 
Blistering  Base corrosion  Corrosion in cut  Overall 
efficiency  
[-] 
ASTM 
[dg.] 
Number of 
points  
ASTM 
[%] 
Number of 
points  
ASTM 
[mm] 
Number 
of points  
Synthesized pigments 
TiO2.ZnO 6F 70 0.03 100 0.5-1.0 80 83 
2TiO2.ZnO 6F 70 0.03 100 1.0-2.0 70 80 
Zn2TiO4 4F 65 0.01 100 0.5-1.0 80 82 
MgTiO3 6F 70 0.01 100 1.0-2.0 70 80 
CaTiO3 8F 75 0.01 100 0.5-1.0 80 85 
TiO2.ZnO.MgO 4F 65 0.03 100 1.0-2.0 70 78 
TiO2.ZnO.SrO 6F 70 0.3 90 2.0-3.0 60 73 
Comparison pigment 
Zn-Al 
phosphomolybdate  8M 55 0.03 100 1.0-2.0 70 75 
 
(A/1) (A/2) (A/3) 
(B/1) (B/2) (B/3) 
 
Fig. 9 Photograph of the epoxy paint pigmented with  
TiO2.ZnO (1) after 1200 hours of exposure in the 
condenser chamber with water condensation (2), after 
1100 hours of exposure in the condenser chamber with 
the SO2 atmosphere (3), after 1100 hours of exposure in 
the chamber with salt mist, (A) prior to coating removal, 
(B) and after coating removal 
 
 
(A/1) (A/2) (A/3) 
(B/1) (B/2) 
 
(B/3) 
 
Fig. 10 The epoxy paint pigmented with CaTiO3 (1) after 1200 
hours of exposure in the condenser chamber with water 
condensation (2), after 1100 hours of exposure in the condenser 
chamber with the SO2 atmosphere (3), after 1100 hours of 
exposure in the chamber with salt mist, (A) prior to coating 
removal, (B) and after coating removal  
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Fig 11 Results of the comprehensive evaluation of the pigmented epoxy-ester coatings used in all corrosion tests  
4. Conclusions  
The research and development of nontoxic anticorrosion pigments that could fully replace toxic 
chromated pigments cannot be considered complete yet. Our study researched investigated 
the anticorrosion properties of the paints that contained mixed metal oxides-based pigments. TiO2.ZnO, 
2TiO2.ZnO, Zn2TiO4, MgTiO3, CaTiO3, TiO2.ZnO.MgO, and TiO2.ZnO.SrO were synthesized as potential 
anticorrosion pigments. Laboratory tests proved that the pigments 2TiO2.ZnO and TiO2.ZnO have highly 
positive influence on the physical-mechanical properties of paints.  
The results of the accelerated corrosion test in the condenser chamber with general water condensation 
show that the most efficient pigment was CaTiO3, whereas 2TiO2.ZnO, TiO2.ZnO and TiO2.ZnO.MgO 
ranks among very efficient pigments. The maximum anticorrosion efficiency in the condenser chamber 
with the SO2 atmosphere was exhibited by TiO2.ZnO, 2TiO2.ZnO as well as by MgTiO3. The cyclic 
corrosion test with the NaCl salt mist proved the CaTiO3pigment to be most efficient, followed by 
TiO2.ZnO. 
The epoxy paints containing the Ti4+ - Zn mixed metal oxides exhibited higher anticorrosion efficiency 
than those based on Ti-Zn-Mg or Ti-Zn-Sr oxides.  
The combination of Ti-Ca with a perovskite structure proved to be very efficient too. Significant was 
also the finding that the synthesized pigments displayed higher anticorrosion efficiency than the 
commonly applied aluminum-zinc phosphomolybdate-based anticorrosion pigment. 
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